Moderate hyperglycaemic levels seem to be related to abnormal gastric motility in diabetes mellitus. However, experimental models designed to evaluate the relationship between motility and diabetes over time are not yet well established. Our objective was to investigate the long-term effects of mild diabetes on gastric motility in rats. Newborn male rats received streptozotocin (mild diabetes groups -MD) or vehicle (control groups -C), and both groups were evaluated after 3 (C3 and MD3) and 6 months (C6 and MD6) postinduction. Mild diabetic animals (MD3 and MD6) showed moderately elevated blood glucose and decreased insulin levels compared with control (C3 and C6). Insulin secretion was enhanced in MD6 compared with MD3, most likely due to partial b-cell regeneration indicated by HOMA-b. In HOMA-IR, it was noticed that MD6 animals had impaired insulin response compared with MD3. Gastric emptying was faster, amplitude of contraction was stronger in MD6 compared with MD3, and in both groups, the differences were significant when compared with control animals. A significant abnormal rhythmic index was calculated for the mild diabetic groups, despite unchanged mean frequency of contraction. In conclusion, despite increased insulin levels over time, constant levels of moderate hyperglycaemia are also related to abnormal gastric motility and impairment of gastric function.
According to the World Health Organization, diabetes mellitus (DM) affects approximately 8.5% of the adult population (WHO 2016) and it is characterized by the reduction in either endogenous insulin production or action, resulting in hyperglycaemia (ADA 2017) . Type 2 DM represents one of the most prevalent chronic diseases and a major public health challenge worldwide (Thomas et al. 2016) . In moderate hyperglycaemia, classic symptoms of diabetes cannot be observed and the diagnosis is often late (ADA 2017) .
Diabetes mellitus and its complications affect many organs, especially the gastrointestinal (GI) tract (Ozaki et al. 2008) . GI complications appear to be related to a gradual deterioration of the gastric motor activity, most likely to affect the intensity of contractions and the gastric emptying (Samson et al. 1997; Bharucha et al. 2009; Marques et al. 2014) . Furthermore, there are evidences that the gastric dysrhythmias can be associated with the onset of GI symptoms, particularly gastroparesis (He et al. 2001; Long et al. 2004) .
The assessment of GI motility during DM is complex, as this parameter can be affected by the occurrence of secondary disorders, disease stage and hyperglycaemic level (Ishiguchi et al. 2002; Bharucha et al. 2009) . In this context, the alternating current biosusceptometry (ACB) has been proven to be a useful tool to evaluate GI transit and motility under several physiological or disease conditions, including severe diabetes and side effect of drugs Quini et al. 2012; Marques et al. 2014; Dall'agnol et al. 2017) .
Human investigation designed to explore diabetesinduced mechanisms is limited not only for ethical reasons but also due to many uncontrollable variables, such as diet, socio-economic factors, nutrition and genetic conditions (L opez-Soldado & Herrera 2003) . Therefore, it is necessary to develop a suitable experimental model towards understanding the multifactorial processes related to the long-term development of the DM. Streptozotocin (STZ) is a diabetes induction drug which is administered during the neonatal period in rats to produce diabetes with mild glycaemic intensity in adult life (Sinzato et al. 2012) . Adult animals present with an abnormal oral glucose tolerance test, consistent with mild diabetes (Santos et al. 2015) . This diabetic status reproduces the blood glucose level similar to type 2 or gestational DM. To reproduce a model with severe diabetes, in which no insulin synthesis or secretion occurs, another induction using STZ must be performed during adult life (Damasceno et al. 2011; Afiune et al. 2017) . In this model, the hyperglycaemia is above 300 mg/dl and the blood glucose level is similar to uncontrolled type 1 DM.
As the impact of moderate hyperglycaemia on the GI tract is unclear and studies focused on GI motility during diabetes are scanty, the objective of this study was to investigate the long-term effects of mild diabetes on gastric motility in rats.
Materials and methods

Animals and experimental design
Male newborn rats, obtained from the Central Laboratory of Animal Breeding of the Federal University of Mato Grosso, were randomly assigned to four distinct groups: (i) control animals assessed during 3 months (C3, n = 6); (ii) control animals assessed during 6 months (C6, n = 6); (iii) mildly diabetic animals assessed during 3 months (MD3, n = 6); and (iv) mildly diabetic animals assessed during 6 months (MD6, n = 6). The animals were maintained in an experimental room under controlled conditions of temperature (22 AE 2°C), humidity (50 AE 10%) and a 12-h light/dark cycle (lights on from 07:00 to 19:00) with free access to chow and water.
Induction of mild diabetes
Mild diabetes was induced at birth by subcutaneous injection of streptozotocin (STZ) solution (Sigma Chemical Company, Saint Louis, MO, USA) at a dose of 100 mg/kg, previously diluted in citrate buffer (0.1 M pH 4.5). Control groups received the same volume of citrate buffer subcutaneously (Sinzato et al. 2012) .
Oral glucose tolerance test
An oral glucose tolerance test (OGTT) was performed to evaluate the glucose metabolism at day 90 in all experimental groups. Glucose solution (200 g/l) was administered to the animals by gavage after 8-h fasting. Blood samples were collected from a cut tip tail at time 0 (before glucose overload), 30, 60 and 120 minutes (min) before administration, to determine the glucose level using a glucometer Easy True Read â (Home Diagnostics, Fort Lauderdale, FL, USA) (Santos et al. 2015) .
The response during the OGTT was obtained by the total area under the glycaemic curve (AUC) by the linear trapezoidal method (Campos et al. 2007; Santos et al. 2015) . Mild diabetic state was confirmed when two or more time points on the glycaemic curve were higher than 140 mg/dl (Santos et al. 2015) .
Blood glucose measurements
Fasting blood glucose levels (mg/dl) were monitored at 3 and 6 months of life after the induction of mild diabetes using a glucometer Easy True Read â (Home Diagnostics).
Gastric contractility and emptying monitoring
The single ACB sensor (Br4-Science â , Brazil) consists of a set-up of induction coils for the monitoring of magnetic signals triggered by magnetic materials in response to an externally applied magnetic field . For gastric contractility and emptying monitoring, the sensor was placed on the animal's abdominal surface to record the magnetic signals in real time with good signal-to-noise ratio (Quini et al. 2012) . Technical details on the instrumentation have been published elsewhere (Cor a et al. 2010; Quini et al. 2012; Dall'agnol et al. 2017) . Ferrite powder (MgZnFe 2 O 3 ; Thornton Eletrônica LTDA, Vinhedo, São Paulo, Brazil) was used as a magnetic marker as it is not absorbed by the GI tract Quini et al. 2012) . Both gastric contractility and gastric emptying acquisitions were performed on separate days, using the ACB single-sensor. Before measurements, animals were fasted overnight and then received 1.5 g laboratory chow blended with 0.5 g ferrite powder.
For gastric contractility recordings, animals were anesthetized with ketamine (75 mg/kg, i.p.) and acepromazine (2.5 mg/kg, i.p.). With the animals in supine position, ACB sensor was placed on the abdominal surface and the signal was acquired for 30 min at sampling rate of 20 Hz/channel using a multichannel recorder (BIOPAC MP100 System) .
For gastric emptying measurements, the point of maximum signal intensity value was identified on the stomach. Subsequent measurements were performed in awake rats by monitoring at that same point on regular 15-min intervals for at least 6 h (Quini et al. 2012) .
Magnetic data analysis
Gastric contractility. The frequency and amplitude of gastric contractions as well as the abnormal rhythmic index International Journal of Experimental Pathology, 2018, 99, 29-37 were calculated. All the signals were analysed in MATLAB (Mathworks, Inc., Natick, MA, USA) by visual inspection followed by bidirectional Butterworth bandpass filters including fast Fourier transform (FFT) and running spectrum analysis (RSA) (Reddy et al. 1987) . Bandpass filters with cut-off frequency of 0.03-0.15 Hz (1.8-9.0 cpm -cycles per minute) were used to quantify the frequency of gastric contractions. Amplitude of gastric contractions was calculated by the area under the contraction (AUC) (Volts.s) with the same filters already described. Abnormal rhythmic index (ARI) was obtained as the percentage of peak frequency outside the normal range during the period of evaluation (Cucchiara et al. 1998; Long et al. 2004; Marques et al. 2014) .
Gastric emptying. Statistical moment was used to calculate the mean gastric emptying time (MGET), which was defined as the time t (min) when a mean amount of magnetic meal was emptied from the stomach (Podczeck et al. 1995) .
Animal killing
Afterwards the motility recordings, animals were killed by anaesthetics overdose (225 mg/kg of ketamine and 7.5 mg/kg of acepromazine, i.p.) followed by decapitation. Blood samples were collected and centrifuged, and the serum was stored at À80°C until analysis.
Serum insulin levels
Fasting insulin levels (pmol/l) were measured by enzymelinked immunosorbent assay according to the procedure recommended by ELISA â Rat Insulin kit (Mercodia AB, Uppsala, Sweden).
Insulin resistance (HOMA-IR) and b-cell function (HOMA-b) indexes
Homeostasis model assessment (HOMA) was applied to evaluate the insulin resistance and b-cell function. Indexes HOMA-IR and HOMA-b were calculated as follows (Wallace et al. 2004; Wilson & Islam 2012) :
Statistical analysis
Descriptive statistics were calculated for all parameters, and data were expressed as mean AE standard deviation (SD). The glucose metabolism (i.e. OGTT) was compared by performing Student's t-test. Analysis of variance (ANOVA) followed by Tukey 0 s multiple comparison test was applied to analyse the remaining parameters. Data were also analysed using repeated-measures multiple regression techniques. Linear mixed-model analysis was applied to determine the effects of time and condition (mild diabetes or control) on gastric emptying, gastric contractility (frequency, amplitude and ARI), glucose and insulin levels. Analyses were performed with SPSS v.21 (IBM, São Paulo, SP, Brazil) software package.
Ethical approval
All the experimental procedures were approved by the Ethics Committee on Animal Research from Federal University of Mato Grosso (Protocol Number 23108.026418/12-5) and followed the Guidelines for Ethical Conduct in the Care and Use of Experimental Animals.
Results
In mild diabetic animals an oral glucose tolerance test (OGTT) compared with control animals showed a low response in glucose uptake. Additionally, the area under the curve was increased in the MD group (Figure 1 ). After the diabetogenic process, intermediate glycaemic levels were observed in diabetic rats (MD3 and MD6) compared with those of control (C3 and C6) (Figure 2 ). On the other hand, the diabetic animals in both groups showed decreased levels of serum insulin compared with those of control. In HOMA-IR, the MD6 group showed increased insulin resistance compared with MD3 group. Nevertheless, in the HOMA-B was observed a drastic reduction in insulin secretion by pancreatic b cells in diabetic groups, which was more pronounced in the MD3 than in the MD6 group.
Representative gastric contractility signals obtained in control and diabetic rats are shown in Figure 3 . There was a severe irregularity in the signal waveform in diabetic rats compared with control. Gastric emptying was faster in diabetic group compared with control, and it was significantly faster in the MD6 group than in the MD3 group (Figure 4) . The mean frequency of gastric contractions did not show any significant difference among groups. In contrast, the abnormal rhythmic index increased in both MD3 and MD6 diabetic groups. The amplitude of contractions was stronger in mild diabetic rats compared with control group, and this increase was more pronounced in the MD6 than in the MD3 group.
Mixed-model analysis found significant intrasubject differences for gastric emptying (P = 0.027), amplitude (P = 0.0001), abnormal rhythmic index (P = 0.013), glycaemia (P = 0.009) and insulin (P = 0.0001) levels between control and mild diabetes groups during the study. According to these results, mild diabetes was characterized temporally by decreased insulin levels and a faster gastric emptying, whereas glycaemia, amplitude of contractions and abnormal rhythmic index were increased. Frequency of contraction showed no significant change (P = 0.407) for both groups.
International Journal of Experimental Pathology, 2018, 99, 29-37 Figure 1 Blood glucose levels of oral glucose tolerance test at 0, 30, 60 and 120 min and area under the curve determined for control (C = grey circle line) and mild diabetes (MD = black triangle line) groups. Data were analysed by t-test and presented as mean AE SD. *P < 0.01 C vs. MD. 
Discussion
Our study confirmed that mild diabetes was successfully induced in the model proposed. Regarding mild diabetes, these results suggest that mild hyperglycaemia already plays a role in the gastric motor abnormalities three months after diabetes induction. Additionally, gastric functions have worsened over time despite stable hyperglycaemic levels and increased insulin levels. In parallel, the HOMA-IR showed no difference in the action of insulin between diabetic and control groups. In the course of monitoring of diabetic groups, it was possible to observe that MD6 animals were more insulin resistant than MD3 animals as insulin levels increased and glycaemia showed no difference compared with month 3. This finding is important, and has not been reported previously even under similar experimental conditions.
Mixed-model and HOMA-b index showed the partial recovery of the pancreas after six months of diabetes induction confirmed by improvement of insulin secretion and lower glycaemic levels (Wilson & Islam 2012) . Considering the neonatal induction, the partial regeneration of cells was not enough to restore pancreatic function to normal levels (Portha & Kergoat 1985; Scagliat et al. 1995; Bernard et al. 2016) .
Regular stomach motility was not recovered despite the improvement in pancreatic secretion (Figure 2 ). Gastric emptying was faster, and the amplitude(s) of contraction and gastric abnormal rhythm were higher, which means that motor gastric deterioration became more pronounced over time (Figure 3 ). Similar to severe diabetes (Marques et al. 2014) , the mean frequency of gastric contractions in mildly diabetic rats remained unchanged. However, the ARI indicated that around half (52% and 42%) of frequency peaks appeared outside of the range considered normal, demonstrating substantial irregularity in the mechanical behaviour of the stomach after three and six months of mild diabetes induction, respectively. Therefore, our data indicate that hyperglycaemia and most likely the autonomic neuropathy are involved in abnormal gastric contractility and gastric emptying in long-term mild diabetes. There is evidence that the neuropathy begins at intermediate and persistent hyperglycaemic levels (Schmidt et al. 1981) .
Experimental diabetes models are valuable to study the relationship among disease complications and several gastrointestinal disorders as most of them are attributed to hyperglycaemia (Samson et al. 1997; Ishiguchi et al. 2002) and/or autonomic neuropathy (Lincoln & Shotton 2008) . However, the onset of gastrointestinal complications in diabetes is related to complex mechanisms that are not yet fully understood (Gatopoulou et al. 2012) . Previous studies on STZ-induced models have shown that severe hyperglycaemia causes the autonomic neuropathy by demyelinating degeneration in innervation of the gastrointestinal tract, decreasing neuronal density and increasing the apoptosis of certain myenteric and vagal neurons (Zanoni et al. 1997; Fregonesi et al. 2001; Guo et al. 2004; Chandrasekharan & Srinivasan 2007) .
Gastric emptying is closely related to glycaemia control as it acts as a major determinant of postprandial glycaemic regulation (Beckoff et al. 2001; Bagger et al. 2011; Phillips et al. 2015) . Hence, faster gastric emptying predisposes to higher blood glucose variability, particularly in an insulin resistance scenario (Horowitz et al. 1993; Bharucha et al. 2015) . In contrast, the hyperglycaemia itself can modify gastric motility by inducing the release of several hormones including glucagon-like peptide 1 (GLP-1), gastric inhibitory polypeptide, cholecystokinin, peptide YY, motilin and ghrelin, which modulate the gastric emptying rates triggering unregulated feedback loops (Little et al. 2006; Baggio & Drucker 2007; Trahair et al. 2012; Marathe et al. 2013) . Acute hyperglycaemia was already associated with a reversible slowing of gastric emptying (Fraser et al. 1990; Rayner & Horowitz 2005) . Moreover, it has been noticed that gastric emptying for solid and liquid meals is faster on a mild range of blood glucose concentrations, both in healthy and diabetic individuals (Schvarcz et al. 1997) .
Comparative analysis regarding the development of several types of diabetes in both humans and animals (Long et al. 2004; Rao et al. 2011 ) is imperative. Experimental models on mild diabetes are still controversial regarding dose, period of administration and route of drug induction, as well as age and species of animal model (Cuman et al. 2001; Arora et al. 2009; Kunjara et al. 2012; Sinzato et al. 2012; Damasceno et al. 2013) . Recently, mild diabetes model was characterized by changes in two or more points in the glucose curve during OGTT (Santos et al. 2015) . Measurements of OGTT three months after induction indicate that diabetic rats have a late response to endogenous insulin during glucose uptake in at least two points (Figure 1) , confirming the success of our model.
The role of diabetes in gastric motility disorders is often inconclusive and contradictory (Reddy et al. 1987; Ozturk et al. 1994; Fregonesi et al. 2001; Marques et al. 2014) . Previous studies showed that severe diabetes decreases mechanical amplitude and induces gastric dysrhythmia (Horv ath et al. 2006; Marques et al. 2014) . In this condition, it was also found that lack of well-coordinated gastric contractions between fundic and pyloric regions impairing gastric emptying at advanced stages (Ariga et al. 2008) . Both delayed gastric emptying (Miyamoto et al. 2001; Camilleri et al. 2010; Mard et al. 2016 ) and accelerated emptying (Phillips et al. 1992; Young et al. 1995; Green et al. 1997 ) have been noticed during diabetes.
It was well established that consistent gastric emptying pattern is essential for the regulation of glycaemia (Marathe et al. 2013; Phillips et al. 2015) . Hence, once accelerated, the bolus forward displacement from the stomach increases the time available for intestinal glucose absorption, preventing glycaemic control (Phillips et al. 1992; Fournel et al. 2016) .
In our study, we identify increases in the amplitude of contraction in the mild diabetic group which might be considered as the physiological mechanism to explain the accelerated gastric emptying (Long et al. 2004) . Gastric emptying of solids at faster rate has already been reported as a result of the early stage of STZ-induced severe diabetes (Ariga et al. 2008) . Furthermore, hyperinsulinaemia in healthy individuals slows gastric emptying and decreases motility index, which can be associated with delayed absorption (Eliasson et al. 1995) . It is possible to assume that partial hypoinsulinaemia observed in our mild diabetic animals could contribute to accelerate the gastric emptying time. All these gastric motility changes are linked to high morbidity and impaired the quality of life quality of patients with high costs for the health system (ADA 2017).
The development of suitable techniques towards evaluating gastric functions in both health and illness conditions is mandatory. Scintigraphy is still the gold standard technique towards the assessment of gastric emptying in man. However, there is still a certain lack of consensus concerning study protocol, meal test, radiation dose and acquisition time. Besides, the equipment is expensive and the main concern is the exposure to the ionizing radiation (Szarka & Camilleri 2009; Rao et al. 2011) .
Our study explores the ACB as an alternative technique for long-term monitoring of gastric motor function with safety and reliability. Ultimately, the ACB technique is able to monitor contractility and transit on several GI segments, despite some limitations that can be overcome with the development of sensors designed specifically for experimental animals (Calabresi et al. 2015) . The alternate current biosusceptometry (ACB) system is a biomagnetic device that has already been validated for the evaluation of gastrointestinal motility in different animal models and humans (Americo et al. 2007; Am erico et al. 2010; Quini et al. 2012) . This technique was developed using the detection of magnetic signals by ACB sensor resulting from the magnetic material ingested, which intensity depends on the amount of magnetic material and the distance between the sensor and the magnetic sample . Thus, ACB method allows the simultaneous evaluation of gastrointestinal transit time, gastric emptying and contractility in vivo, providing more accurate data about gastrointestinal tract interaction.
Understanding the multifactorial role of mild diabetes on gastric motility disorders is essential to predict and to prevent its onset (Szarka & Camilleri 2009 ). Our findings emphasize the need of early and continuous therapeutic intervention as even small elevation on blood sugar levels already changes significantly the gastrointestinal parameters that may become irreversible in the disease course. In conclusion, despite increased insulin levels over time, constant levels of moderate hyperglycaemia are also related to abnormal gastric motility and impairment of gastric function.
